We compared the changes of sugar content and titratable acidity throughout fruit development in two cultivars, 'Russian Orange' from subspecies (ssp.) mongolica and 'Hergo' from ssp. rhamnoides of sea buckthorn (Hippophae rhamnoides L.). In 'Russian Orange' fruit, glucose content increased remarkably from mid-July to early August, whereas the contents of fructose, sucrose and ethylglucose did not increase. In 'Hergo' fruit, the content of each sugar did not increase during fruit development. Fruit titratable acidity was low during early fruit development, then remarkably increased from mid-July to early August and decreased at harvesting time in both cultivars. The sugar/acid ratio in ripe fruit was 1.14 in 'Russian Orange' and 0.34 in 'Hergo', indicating that 'Russian Orange' fruit has better flavor. In tracer experiments using 14 CO 2 , 14 C-sucrose was found to be the major sugar in the leaves and the stems, suggesting that sucrose is the primary product of photosynthate and a translocatable sugar in sea buckthorn plants. Ascorbic acid content in 'Russian Orange' fruit decreased during fruit development, while the content in 'Hergo' fruit was roughly constant. 'Russian Orange' fruit showed high Lgalactose dehydrogenase (L-GDH) activity. In tracer experiments, 14 C-ascorbic acid was synthesized from L-14 Cgalactose and D-14 C-mannose. These results suggest that the mannose/L-galactose pathway plays a role in the synthesis of ascorbic acid in sea buckthorn fruit.
Introduction
Sea buckthorn (Hippophae rhamnoides L.) of the family Elaeagnaceae is a deciduous and dioecious small fruit tree with thorny branches that is widely distributed in Europe and Asia. This species comprises several subspecies (spp.), including the ssp. rhamnoides, which is distributed in the North Sea and the Baltic coast, the ssp. mongolica of Mongolia and Siberia, and the ssp. sinensis of China (Kanahama, 2004) . Sea buckthorn is a stress-tolerant Yang et al., 2005) and actinorhizal plant that is infected with Frankia, an actinomycetic endophyte of woody trees and shrubs, for the formation of root nodules that fix nitrogen (Gentili and Huss-Danell, 2002; Kato et al., 2007) . These characteristics could facilitate cultivation in poor environments where it is difficult to grow other species. Recently, in Japan, the cultivation of sea buckthorn was attempted in mountainous areas, where other cultivation efforts had been abandoned (Kanahama, 2004) .
Since sea buckthorn fruit are rich in tocopherols , unsaturated fatty acids and phenol compounds (Gao et al., 2000) , they have been used for food and medicinal purposes. Because of its nutritional components and nitrogenfixation ability, sea buckthorn may also be useful for ensuring food sefety and sustainable production (Kanayama et al., 2008) . The cultivation of sea buckthorn is therefore expected to be developed for various purposes. reported that increasing the sugar/ acid ratio is an important factor in improving the flavor of sea buckthorn fruit, because sea buckthorn fruit have low sugar content and high titratable acidity (Rongsen, 2006) . Glucose and fructose are reportedly the main sugars in ripe fruit while sucrose content is low (Tang and Tigerstedt, 2001) . Sea buckthorn fruit also contain a unique glucose derivative, ethylglucose (Tiitinen et al., 2006) . The main organic acids in the fruit are reportedly malic acid and quinic acid (Raffo et al., 2004; Tiitinen et al., 2006) . Most previous studies have focused on sugar and acid contents in ripe fruit or its juice in terms of food chemistry; however, information is lacking on changes in the content of sugars and organic acids throughout fruit development, especially during early fruit development. There is also less information about translocatable sugars in sea buckthorn.
Ascorbic acid has diverse roles in plant metabolism and is also important as vitamin C for humans, who are unable to synthesize this vitamin by themselves. Ascorbic acid content in sea buckthorn fruit is known to be high compared to that in other fruit crops (Agius et al., 2003; Richardson et al., 2004) . Recently, some pathways for ascorbic acid biosynthesis have become clear in plants (Wheeler et al., 1998) , whereas in sea buckthorn fruit, the ascorbic acid synthetic pathway is still unknown.
Physiological and biochemical studies throughout fruit development are necessary to improve fruit quality involving sugars and organic acids. Although Raffo et al. (2004) and Tang (2002) reported changes in sugar and organic acid content during fruit maturation, they did not measure sucrose and ethylglucose content; therefore, in this experiment, we compared the changes in the content of sugars, which are not only hexose but also sucrose and ethylglucose, and titratable acidity throughout fruit development in two cultivars of ssp. mongolica (Russian origin) and ssp. rhamnoides (European origin), whose cultivation has recently extended to Canada and the USA (Letchamo et al., 2007) . In addition, we examined the metabolic pathway of ascorbic acid in sea buckthorn plants.
Materials and Methods

Plant materials
Four-year-old trees of sea buckthorn (H. rhamnoides ssp. mongolica 'Russian Orange' and ssp. rhamnoides 'Hergo') from rooted cuttings were grown in the field of the Graduate School of Agricultural Science, Tohoku University. Popular cultivars were used from two subspecies to investigate of divergent characteristics in sea buckthorn. More than hundred fruit were collected at random from immature to optimally ripe stages from three individual trees. Ten fruit from each tree were weighed. The collected fruit were frozen in liquid nitrogen and stored at −80°C until use.
Determination of sugar, organic acid, and ascorbic acid
Soluble carbohydrates were extracted in hot 80% (v/ v) ethanol and determined using HPLC equipped with a refractive-index detector, as described by Suzuki et al. (2001) . Titratable acidity was determined using 0.1 N NaOH and expressed as malic acid equivalents.
Ascorbic acid was extracted with 1.5% (w/v) metaphosphoric acid and filtered through filter paper (Lorence et al., 2004) . The filtrate was adjusted to pH 3.5-4.0 with KOH and subjected to enzymatic determination of ascorbic acid using an F-Kit (JK International, Tokyo, Japan), in which ascorbate oxidase is used for the determination, according to the manufacture's instructions.
Tracer experiments of translocatable sugar and ascorbic acid biosynthesis, and determination of L-galactose dehydrogenase (L-GDH) activity
Based on the method of Ohkawa et al. (2007) , 0.37 MBq of 14 CO 2 was fed to a detached shoot of 'Russian Orange' for one hour in early September. Twenty-four hours after the start of 14 CO 2 feeding, soluble carbohydrates were extracted from the 14 CO 2fed leaf and stem in hot 80% (v/v) ethanol. 14 C-sugars were determined using HPLC equipped with a radioactive flow-through monitor and a refractive-index detector. Five independent experiments were carried out using the three trees described above.
In early July, 18.5 kBq of 14 C-glucose, L-14 C-galactose or 14 C-mannose was fed to the peduncle of detached 'Russian Orange' fruit. The 14 C-sugars were placed in cylindrical holes of 3.4 mm in the diameter on a plastic board and fruit were placed on these holes to soak the peduncle in the 14 C-sugars. Eighty hours after the start of 14 C-sugar feeding, ascorbic acid, galactose, and mannose were extracted with 1.5% (w/v) metaphosphoric acid and determined using HPLC equipped with a radioactive flow-through monitor and a UV/VIS detector.
L-GDH was extracted from 'Russian Orange' fruit sampled on August 8 and 14 as described previously (Wheeler et al., 1998) . The extract was used after desalting for the assay of enzyme activity by following NADH formation at 340 nm (Wheeler et al., 1998) .
Results and Discussion
Fruit weight, sugar content, and titratable acidity
The fruit weight of 'Russian Orange' rapidly increased during fruit development, and the fruit was suitable to harvest on August 8 to 15 (Fig. 1 ). The fruit weight of 'Hergo' showed a slower increase than 'Russian Orange' up to mid-September, and the fruit ripened on September 15. Fruit ripening was judged by fruit softening and skin color. At harvest time, the weight per fruit of 'Russian Orange' was approximately 650 mg and that of 'Hergo' was approximately 400 mg. Raffo et al. (2004) reported that the fruit weight was 300 mg in 'Hergo' grown in Rome, Italy. Although 'Hergo' fruit was much smaller in this study than in Raffo et al. (2004) in mid-June, the fruit weight thereafter increased more rapidly in this study, suggesting better environmental conditions for fruit growth from July to September in Sendai, Japan.
In 'Russian Orange' fruit, the glucose content increased remarkably from mid-July to early August, while the contents of fructose, sucrose, and ethylglucose did not increase throughout fruit development (Fig. 2) . At harvest time, total sugar content was approximately 20 mg·g −1 FW and glucose content was approximately 60% of total sugar content. In 'Hergo' fruit, the content of each sugar did not increase during fruit development. At harvest time, total sugar content was approximately 13 mg·g −1 FW and glucose content was approximately 30% of total sugar content. Tiitinen et al. (2006) reported that ethylglucose content is negatively correlated with glucose content in spp. mongolica and spp. rhamonoides. In this study, although the ethylglucose contents were similar in the two cultivars, the glucose content in 'Russian Orange' fruit was much higher than that in 'Hergo' fruit. Thus, ethylglucose content is not always a determinant of glucose content. Tang (2002) stated that sucrose content is much lower than fructose content without showing any data; however, sucrose content was similar to fructose content in this study (Fig. 2) . Raffo et al. (2004) reported that fruit organic acid content in three cultivars of ssp. rhamnoides decreased with fruit ripening from August to September. To our knowledge, there is no report about fruit acid content from early fruit development. In this study, titratable acidity was low during early fruit development, and then marked increased from mid-July to early August in both cultivars (Fig. 3) . At harvesting time, titratable acidity had decreased to 16 mg·g −1 FW in 'Russian Orange' and 31 mg·g −1 FW in 'Hergo'. This change in titratable acidity is similar to that in grape berries, although the titratable acidity is lower in grape berries (Matsui et al., 1979) . Since a decrease in the titratable acidity corresponds to an increase in reducing sugar content in grape berries around 4 weeks before ripening, Matsui et al. (1979) suggested the conversion of organic acids into reducing sugars; however, this is not the case in 'Russian Orange' fruit, in which the titratable acidity rather increased with glucose content (Figs. 2 and 3) .
The results of sugar content and titratable acidity showed different fruit characteristics between the two cultivars, that is, higher sugar content and lower acidity in 'Russian Orange' fruit. The sugar/acid ratio in ripe fruit was 1.14 in 'Russian Orange' and 0.34 in 'Hergo', indicating that 'Russian Orange' fruit has better flavor. Comparatively low sugar/acid ratios in spp. rhamnoides were also observed in previous studies (Raffo et al., 2004; Tang, 2002) . Although the sugar/acid ratio in sea buckthorn is much lower than in most other fruit crops, that in 'Russian Orange' with better flavor is higher than in lemon and lime (Albertini et al., 2006) .
Although decreasing organic acid content is important for improving fruit flavor, the sugar content and sugar composition should also be improved. Interestingly, quite different developmental patterns of sugar accumulation in fruit were observed between the two cultivars. The divergent accumulation mechanisms for sugars are mainly due to glucose accumulation in the late stage of fruit development, which was observed not in spp. rhamonoides but in spp. sinensis in the previous studies (Raffo et al., 2004; Tang, 2002) ; however, glucose increases with fructose in the genotype of ssp. sinensis (Tang, 2002) , unlike 'Russian Orange'. Since fruit species that specifically accumulate glucose, such as 'Russian Orange' are rare, sea buckthorn is also useful to investigate of glucose accumulation in fruit. Because fructose is twice as sweet as glucose, increasing fructose content might have an impact on improving the fruit flavor. Some cultivars accumulate fructose as well as glucose in ripe fruit (Tiitinen et al., 2006) . In addition to the characteristic of glucose accumulation, that of fructose accumulation would be useful in sea buckthorn fruit. High soluble solids content in the fruit of wild tomato species are related to sucrose accumulation, whereas hexose accumulates in the fruit of cultivated tomato species that show low soluble solids content (Yelle et al., 1988) ; therefore, increasing the sucrose content possibly results in a high soluble solids content. Sundriyal and Sundriyal (2004) found that sucrose content is similar to glucose content in the fruit of Himalayan wild sea buckthorn plants. A difference in sugar metabolism between fructose or sucrose accumulators and glucose accumulators should be investigated.
Translocatable sugar in sea buckthorn plants
The metabolism of translocatable sugars in fruit is important for fruit quality. In tomato fruit, cell-wall invertase, which first hydrolyzes a translocatable sugar, sucrose, plays a key role in sugar accumulation in fruit (Fridman et al., 2004) ; however, translocatable sugar differs in plant species. In melon plants, in which photosynthates are translocated as raffinose family oligosaccharides (RFOs), alpha-galactosidase, which hydrolyzes RFOs, has been investigated (Gao and Schaffer, 1999) . In Rosaceae fruit trees, in which photosynthates are translocated as sorbitol, NADdependent sorbitol dehydrogenase may play a role in sugar accumulation into fruit (Kanayama et al., 2005; Yamada et al., 2001) . There is less information about translocatable sugars in small fruit trees, including sea buckthorn. Thus, we carried out tracer experiments using 14 CO 2 . As described in Table 1 , 14 C-sucrose was found to be a major sugar in the leaves and stems of 'Russian Orange' at approximately 70 and 86% of the total 14 Csugars, respectively. This result suggests that sucrose is the primary product of photosynthate and is a translocatable sugar in sea buckthorn plants.
Ascorbic acid content and its metabolism
Sea buckthorn fruit showed divergent patterns of ascorbic acid accumulation as well as sugar accumulation. Ascorbic acid content in 'Russian Orange' or 'Hergo' fruit decreased or was roughly constant during fruit development, respectively (Fig. 4) . The content in ripe fruit was approximately 1 and 2 mg·g −1 FW in 'Russian Orange' and 'Hergo' fruit, respectively. These values are higher than in strawberry and kiwifruit, which are known to be rich in ascorbic acid. Ascorbic acid content in most genotypes of spp. rhamnoides in previous studies (Raffo et al., 2004; Tang, 2002) , which ranges from 1 to 2.7 mg·g −1 FW, was higher than in 'Russian Orange' of ssp. mongolica.
Two pathways of ascorbic acid synthesis have been proposed in fruit crops. One is the galacturonate pathway, which utilizes galacturonate from cell-wall pectin degradation, and plays a role in the increase of ascorbic acid during fruit ripening in strawberries (Agius et al., 2003) . The other is the mannose/L-galactose pathway, which utilizes guanosine diphosphate-mannose and Lgalactose as intermediate metabolites (Valpuesta and Botella, 2004) , and plays a role in the synthesis of ascorbic acid in kiwifruit in which ascorbic acid content is constant or decreases during fruit development (Richardson et al., 2004) . The change in ascorbic acid content in sea buckthorn fruit is similar to that in kiwifruit. Thus, we determined the activity of L-GDH, which plays a key role in the mannose/L-galactose pathway (Gatzek et al., 2002; Laing et al., 2004) . Sea buckthorn fruit showed high L-GDH activity (approximately 20 nmol·min −1 ·mg −1 protein) compared to several other species (less than 0.2 nmol·min −1 ·mg −1 protein in Gatzek et al., 2002) . In addition, in tracer experiments, 14 C-ascorbic acid was synthesized from L-14 C-galactose and D-14 C-mannose (Fig. 5) . The results suggest that the mannose/L-galactose pathway plays a role in the synthesis of ascorbic acid in sea buckthorn fruit, although the presence of the galacturonate pathway cannot be ruled out. Table 1 . 14 C distribution to each sugar (%) in leaves and stems in sea buckthorn 23 h after 14 CO 2 feeding for 1 h. z Mean ± SE (n = 5).
Fructose Glucose Sucrose
Leaf 17.0 ± 2.7 z 12.8 ± 1.8 70.2 ± 3.0 Stem 6.9 ± 4.0 7.1 ± 1.0 86.0 ± 9.9 
